Th ousands of stream miles in the southern Piedmont region are impaired because of high levels of suspended sediment. It is unclear if the source is upland erosion from agricultural sources or bank erosion of historic sediment deposited in the fl ood plains between 1830 and 1930 when cotton farming was extensive. Th e objective of this study was to determine the source of high stream suspended sediment concentrations in a typical southern Piedmont watershed using sediment fi ngerprinting techniques. Twenty-one potential tracers were tested for their ability to discriminate between sources, conservative behavior, and lack of redundancy. Tracer concentrations were determined in potential sediment sources (forests, pastures, row crop fi elds, stream banks, and unpaved roads and construction sites), and suspended sediment samples collected from the stream and analyzed using mixing models. Results indicated that 137 Cs and 15 N were the best tracers to discriminate potential sediment sources in this watershed. Th e δ 15 N values showed distinct signatures in all the potential suspended sediment sources, and δ
15
N was a unique tracer to diff erentiate stream bank soil from upland subsurface soils, such as soil from construction sites, unpaved roads, ditches, and fi eld gullies. Mixing models showed that about 60% of the stream suspended sediment originated from eroding stream banks, 23 to 30% from upland subsoil sources (e.g., construction sites and unpaved roads), and about 10 to 15% from pastures. Th e results may be applicable to other watersheds in the Piedmont depending on the extent of urbanization occurring in these watersheds. Better understanding of the sources of fi ne sediment has practical implications on the type of sediment control measures to be adopted. Investment of resources in improving water quality should consider the factors causing stream bank erosion and erosion from unpaved roads and construction sites to water quality impairment. 
Sediment Fingerprinting to

M
any streams in the United States do not meet the water quality standards set forth by the states; 17% of the streams have high levels of suspended sediment (USEPA, 2006) . Piedmont streams are no exception. Plans are being developed for reducing sediment loads in these streams under the total maximum daily load (TMDL) program (USEPA, 2008) . However, it is not clear if the impairment is due to current upland erosion sources (e.g., agricultural fi elds, roads, ditches, and construction sites) or bank erosion of legacy sediment deposited in the fl ood plains during the period of intensive cotton farming from about 1830 to 1930 (Trimble, 1974) . Other causes of high erosion during the same period were placer mining for gold (Leigh, 1994) , eradication of beaver due to the market for pelts (Naiman et al., 1999) , and construction of mill dams (Walter and Merritts, 2008) . For restoration work, it is important to know the sources of sediments and their relative contribution. Southern Piedmont streams may be an extreme example, but most other streams in the United States also experienced a period of excessive erosion during the late 19th and early 20th century when large areas of land were cleared for intensive farming (Simon and Rinaldi, 2006) .
Streams of the southern Piedmont experienced three major disturbances in the mid 20th century. Th e most important change was probably the reduction in upland erosion and runoff that occurred as cotton farming was abandoned and fi elds were converted to pasture land and forests during the cotton era (Trimble, 1974) . A second change was the construction of fl ood control reservoirs along tributaries to major rivers in the 1960s and 1970s. Th e third disturbance was channelization in the main stem of rivers during the same period. Th ese disturbances increased stream power in the main stem and caused channels of major rivers to go through a period of incision and accelerated bank erosion (Ruhlman and Nutter, 1999) . Th e banks of streams fl owing through extensive fl oodplains were especially prone to erosion because these banks consisted of noncohesive historic sediment deposited during the cotton era. Whether these streams have reached a new equilibrium or are still unstable and in the process of transporting legacy sediments in response to the disturbances in the middle of the last century is not known. Urbanization is a new form of disturbance that is aff ecting some watersheds by generating large peak fl ows and associated high sediment loads (Landers et al., 2007) .
In 1998, the North Fork Broad River (NFBR), in northeast Georgia, was included in the 303(d) list for impaired biota and habitat. Sediment was determined to be the pollutant of concern. Th e stream was placed on the list as part of a consent decree in a lawsuit fi led against the USEPA and the Georgia Environmental Protection Division (Sierra Club v. Hankinson, 2003) . Th e listing was based on an assessment of land use in the watershed that concluded there was a high probability for impacted biota and habitat, although no sampling of the stream was conducted. Th erefore, the USEPA developed a TMDL for sediment for the North Fork of the Broad River (USEPA, 2000) . Th e USEPA TMDL report recommended that additional data be collected to better defi ne the sediment loading from nonpoint sources. In 2004, after conducting a macro invertebrate survey, the USEPA removed the NFBR watershed from a 303(d) list and reported that "habitat concerns are present but not to an extent impacting the biota." However, no measurements of the sediment concentrations or discharge were made, so the annual sediment load in the NFBR remained unknown. Th is study is part of a three-pronged approach for potentially unstable southern Piedmont streams with high sediment loads: (i) sediment yield analysis and rapid geomorphic assessment to determine channel stability class, (ii) sediment fi ngerprinting to determine sediment sources, and (iii) sediment modeling of best management practice scenarios. Th e watershed is located in Franklin and Stephens counties in the Piedmont region of Georgia and drains an area of 182 km 2 ( Fig. 1) . Th e major land uses in the watershed are forest (72%), pasture (15%), row crops (7%), and residential (1%). Th is is a typical land use pattern in the southern Piedmont region. Mukundan (2009) reported on the sediment yield estimates and rapid geomorphic assessment of the NFBR. Th e sediment yield estimates for this watershed were found to be high when compared with the median value for the Piedmont region. Geomorphic assessment of stream channels indicated that the majority of the stream reaches were unstable.
Th e current primary source of suspended sediment and the relative proportions of bank vs. upland sources in Piedmont streams remain unknown. Th is is an important distinction to be made for developing sediment target loads and load reduction scenarios due to its practical implications on soil erosion control strategies because the methods used for surface erosion control are diff erent from those for bank erosion control.
Sediment fi ngerprinting has proven to be an eff ective way to track sediment movement within a watershed in terms of source type and spatial origin (Walling, 2005) . Th e procedure involves characterizing the potential sediment sources in terms of their diagnostic chemical and physical properties and then comparing these properties to those of stream sediment. Th e fi ngerprint properties should be measurable in the sources as well as in the stream sediment, should be representative of a particular source, and should be conservative between sediment generation and delivery. Th e properties that have been used for sediment source tracking include sediment color (Grimshaw and Lewin, 1980) , plant pollen (Brown, 1985) , mineral magnetic properties (Walden et al., 1997) , rare earth elements (Kimoto et al., 2006) , fallout radionuclides (Collins and Walling, 2002; Nagle and Ritchie, 2004; Walling, 2005; Mukundan et al., 2009) , and stable isotopes of C and N (Papanicolaou et al., 2003; Fox and Papanicolaou, 2007) .
Most studies relating to sediment fi ngerprinting have focused on the use of fallout radionuclides. Th e most commonly used radionuclide is cesium-137 ( Cs peaked in the early 1960s and subsequently decreased, reaching zero levels in the mid 1980s (Walling, 2004) . In cultivated soils the 137 Cs distribution tends to be uniform to the depth of tillage, whereas in uncultivated soils the peak concentration occurs at a depth of about 5 to 8 cm and falls to zero at about 25 to 30 cm. Because there are no natural sources in the environment, 137 Cs serves as a unique tracer for erosion and sedimentation (He and Owens, 1995) .
Other fallout radionuclides commonly used include lead-210 ( Pb can be used as an alternative sediment-source tracer in erosion studies (Zapata, 2003) . Beryllium-7 is cosmogenic in origin through the spallation of nitrogen and oxygen atoms in the troposphere and stratosphere by cosmic rays. Beryllium-7 has a half-life of 53.3 d, which makes it suitable for short-term soil erosion studies. Typically concentrated in the upper 5 mm of the soil profi le, 7 Be can provide good discrimination between sediment derived from surface soils and sediment derived from deeper layers (Zapata, 2003) . Th e objective of this study was to determine if the present load of sediment in the NFBR is from current sources (upland soils) or from historic sources (stream banks). We hypothesize that stream bank erosion is the major source of suspended sediment. To the best of our knowledge, there has not been a study to fi ngerprint suspended sediment in watersheds of the southern Piedmont region.
Materials and Methods
Potential sediment sources identifi ed in the watershed included surface soil sources (croplands, pastures, and forested areas) and subsurface soil sources (stream banks, unpaved roads, and construction sites). A total of 165 composite soil samples representing potential sediment sources were collected from spatially distributed locations in the watershed for tracer analysis. Upland soil samples were collected from the upper 0 to 2 cm depth. Bank samples were collected from the bank face of actively eroding regions identifi ed in the channel. Th e height of the bank varied from 1 m to over 15 m at diff erent locations of the watershed. Hence, bank samples were collected by scraping soil from bank faces that are potentially erodible under the current stream fl ow regime. Samples were collected from regions close to the water surface to about 1 m above the water surface. Th e samples were air dried, sieved through a 2-mm sieve, and analyzed for 137 Cs using a γ-ray spectrometry system with a high-purity germanium detector at the USDA ARS Hydrology and Remote Sensing Laboratory, Beltsville, Maryland.
Other tracers used in this study were total C, N, P, and S and trace elements (Be, Mg, Al, K, Ca, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Pb, and U). For total C, N, and S, soil samples were combusted in an oxygen atmosphere at 1350°C, converting elemental C, S, and N into CO 2 , SO 2 , and N 2 . Th ese gases were then passed through the infrared cells to determine the C and S content and a thermal conductivity cell to determine N 2 . For trace elements and total P analysis, the samples were digested using nitric acid, and the digest was brought to volume using deionized water and analyzed using inductively coupled plasma/mass spectroscopy. Th ese analyses were done at the Laboratory for Environmental Analysis and the Soil Testing Lab, University of Georgia. For better discrimination between subsurface sources (bank vs. construction sites and unpaved roads), the stable isotope of N, 15 N, was used as a biogeochemical organic fi ngerprint. Fox and Papanicolaou (2008) describe the applicability of 15 N to fi ngerprint sediment derived from diff erent sources at a watershed scale. Th e stable isotope of N is expressed relative to the atmospheric N in "delta" (δ) notation, indicating the diff erence between the sample isotopic ratio and the ratio in the standard as: where δ 15 N is expressed in per mil (‰). Soil and sediment samples were fi nely ground in a ball mill, and from the homogenized sample about 25 mg was analyzed for 15 N using mass spectrometry. Th is analysis was done at the Analytical Chemistry Lab, Odum School of Ecology, University of Georgia.
Soil and sediment samples collected from a wide range of locations may diff er in texture. As a result, tracer concentrations can vary due to the relative proportion of the fi ne fraction (i.e., clay and silt). Th erefore, textural analysis was done on all the soil and sediment samples for expressing the tracer concentration in terms of the fi ne fraction in the samples. Th is was done using the hydrometer method (Bouyoucos, 1936) . Th is ensured that the suspended sediment samples and the soil samples collected from the banks and uplands were comparable.
Most of the stream transport of suspended sediment occurs during storms, so it is critical to sample streams during storm events. Th e conventional method of suspended sediment sampling involves pumping large volumes of water samples (100-400 L) from which about 20 to 100 g of suspended sediment is collected by centrifuging (Walling et al., 1993) . Th is method provides a composite sample with contributions from the diff erent sources. In this study, suspended sediment samples were collected during storm events by pumping water out of the stream at the watershed outlet and passing it through a continuous fl ow centrifuge collector mounted at the back of a pickup truck. Th e inlet of the pump hose was attached to a metal fence post installed about 3 m from the bank, and water was pumped from a point about 30 cm below the water surface. Th is method of sampling, in comparison to manual fi ltering, ensured that suffi cient mass of suspended sediment was collected for all analyses. About 100 to 200 g of suspended sediment was required for a complete set of all physical and chemical analysis with a high degree of confi dence. From the total amount of suspended sediment collected, about 50 to 100 g was used for 137 Cs analysis, 1 to 2 g for trace element analysis, and 40 to 50 g for textural analysis. For analyzing δ 15 N, about 5 to 10 g of the fi ne sediment was ground and homogenized in a ball mill, from which a few milligrams were used. A larger mass of sample ensured better representation of sediment coming from various sources. A total of 20 sediment samples were collected from six diff erent storm events.
Selection of the best suite of fi ngerprints for sediment source separation was a multistep process based on minimization of Wilks' lambda (Collins and Walling, 2002) . In the fi rst step, all tracers were statistically tested for their individual ability to separate sources using discriminant analysis. In the second step, nonconservative tracers were removed based on their concentrations in stream sediment. Tracers that showed higher or lower concentrations in sediment samples when compared with all the sources were eliminated in this step. In the fi nal step, tracers that showed redundancy were removed; tracers that could explain most of the source variation were retained. Relative source contribution of suspended sediment was estimated by using the fi nal suite of tracers in a multivariate mixing model (Collins et al., 1998; Owens et al., 1999; Walling et al., 1999) .
Th e method of least squares was used for deriving the source proportions by minimizing the residual sum of squares for the n tracers and m sources using the following equation: 
where RSS is the residual sum of squares, C sed,i is the concentration of the tracer i in the sediment, C s,i is the mean concentration of the tracer property i in the source group s, and P s is the relative proportion from source group s. Th e reliability of the multivariate mixing model was tested using the End Member Mixing Analysis (EMMA) (Christophersen and Hooper, 1992; Burns et al., 2001) , which is a widely used method in hydrology for quantifying sources of stream fl ow but has not been used in sediment fi ngerprinting. In general, EMMA models are developed through principal component analysis with conservative tracers. Th e median tracer concentration in the potential end-members (sources) and the sediment samples were plotted against each other after scaling the values between 0 and 1 by dividing individual values by the maximum observed value, and the extent to which the sediment samples lie within the 2-D space created by the end members was examined. Relative contribution of stream sediment from various sources was derived by solving the following mass-balance equation: Suspended sediment samples were collected for a wide range of stream discharge and sediment concentrations (Table  1) . Stream discharge and turbidity measurement at the time of sampling were used to calculate an instantaneous load associated with each sample assuming that a nephelometric turbidity unit equals mg L −1
. A better estimate of relative source contribution from various sources, taking into consideration the magnitude of each sampling event, was obtained using the load-weighted method Walling, 2005) based on the equation: ) is the sum of the instantaneous loads associated with the n sediment samples, and P sx is the relative contribution from source type s for sediment sample x.
Results
Discriminant analysis showed that only 11 out of the 21 tracers were useful for sediment source separation. We found 15 N to be the best tracer for discriminating sediment sources because it was selected fi rst in the stepwise selection procedure (Table  2) . Th e radionuclide 137 Cs was selected eighth mainly because it was not able to distinguish clearly between streambank material and upland soil material (construction sites, fi eld gullies, and unpaved roads N, Cr, and U) that could explain most of the sediment source variation (Table 3) . However, scatter plots of 137 Cs against the other three tracers indicated that Cr and U were not always conservative, and therefore only 137 Cs and δ 15 N were used for the mixing analysis (Fig. 2) . Scatter plots using one of the redundant tracers (C) and δ 15 N clearly indicated that total C may be used as a viable and cost-eff ective alternative to 137 Cs for sediment fi ngerprinting (Fig. 3) . Th e tracer was found to be conservative in nature. Strong positive correlations between 137 C and soil organic C are being used in studies involving soil and soil organic C redistribution at the landscape scale (Ritchie and McCarty, 2003; Ritchie et al., 2007) .
Th e concentration of
137
Cs was highest in forests, followed by pastures, suggesting that there is less erosion from forests. A decrease in 137 Cs concentration with depth was observed in forest and pasture soils, indicating that most of it was concentrated in the upper 20 cm of the soil profi le (Fig. 4) . Th e diff erence in 137 Cs concentration between subsurface sources (bank vs. construction and roads) was not suffi cient to discriminate the two sources. However, 15 N showed distinct signatures in these sources (Table 3) . Th e highest δ (Fox and Papanicolaou, 2008) . Th e position of streambanks in the landscape makes them prone to frequent anaerobic conditions that favor denitrifi cation loss of N, a process during which isotopic fractionation and enrichment of soil 15 N occurs. Topographic positions in the landscape subject to wetting and anaerobic conditions can result in denitrifi cation and residual accumulation of 15 N (Karamanos and Rennie, 1980) . Another possible reason for enrichment of 15 N in streambanks is the age of organic matter. Generally, older organic matter is associated with relatively enriched isotopic signatures . Moreover, a depth-dependent increase in soil δ 15 N has been widely observed (Hobbie et al., 1999; Trumbore, 2000; Amundson et al., 2003) and is more pronounced in deeper soil layers due to minimal inputs and lack of recirculation of soil organic N. Similar trends in δ 15 N values were observed in the NFBR watershed soils (Fig.  5) . Soils at construction sites and along the unpaved roads are usually exposed subsoils that have been biologically less active and hence have δ (Billings and Richter, 2006) . Th e concentration of uranium was highest in the bank material, perhaps indicating a lithogenic signature. Uranium concentrations vary between 2 and 4 mg kg −1 by weight in the earth's crust, rocks, and soils (Gavrilescu et al., 2008) . However, concentrations can vary depending on the parent material. Felsic rocks contain more U compared with mafi c rocks. Albright (2004) observed higher concentrations of U in the C horizon compared with the upper layers in the Piedmont region of Georgia dominated by gneissic parent material similar to the parent material in the NFBR watershed. Chromium concentrations were highest in construction sites and unpaved roads, indicating an anthropogenic signature. Chromium is used in brake linings, tires, and metal alloys used in automobile engine parts (Paul and Meyer, 2001 ). Used lubricating oils may contain signifi cant amounts of lead, chromium, nickel, copper, vanadium, and organic phosphates (Muschack, 1990) . Another possible explanation for this is the natural abundance of Cr in the subsoils of the Georgia Piedmont. Albright (2004) reported higher background concentrations of Cr in sub soils compared with surface soils in the Georgia Piedmont. An increase in Cr content with depth may also be related to the increase in clay fraction and mobility of Cr in the soil profi le (Adriano, 2001) . Th e multivariate mixing model and EMMA indicated that stream banks are the predominant source of suspended sediment in the NFBR watershed, followed by upland subsurface sources (Table  4) . Th e load weighted method did not produce a signifi cant change in results, although the contribution from upland subsurface sources increased by 3 to 4%, whereas contributions from stream banks and pasture decreased by 1 to 2% and 2%, respectively. Although diff erences were not observed in the overall relative source contributions predicted by the two models, some diff erences were observed when individual sediment samples were compared (Fig. 6  and 7) . Th ese results indicate that suspended sediment samples from several storm events covering a wide range of fl ows and sediment concentrations are required to produce reliable estimates of relative sediment source contributions. Such an approach ensures that diff erences or error due to a single event or sample data value do not have undue infl uence on the results.
Th e suspended sediment contribution from construction sites and unpaved roads seemed to be high, considering that only a small proportion of the total watershed area is occupied by these source areas. However, the rates of soil erosion from construction sites and unpaved roads are considerably higher than that of erosion from an agricultural fi eld or pasture. Th ese results are consistent with the Wolman and Schick (1967) model of the eff ects of urbanization on sediment yield. Erosion rates from construction sites in urbanizing watersheds may approach 500 T ha
, compared with 10 to 40 T ha −1 yr −1 for agriculture and <1 T ha
for undisturbed vegetation (Carpenter et al., 1998) . Hayes et al. (2005) reported that the rate of soil erosion from construction sites ranges from very little to over 200 T ha −1 yr −1 . Data from one of the monitored unpaved road sites in this watershed showed that the turbidity from runoff exceeded 1000 nephelometric turbidity units (roughly equivalent to a sediment concentration of 1000 mg L −1 ) for almost all storms, irrespective of the intensity or duration of the storm. Martin (2001) reported that unpaved roads contributed the maximum sediment per unit area in a southern Piedmont watershed and that the rates were two orders of magnitude greater than that from pastures in the same watershed.
Th e contribution of pastures to stream sediment is small compared with the other two sources, and forests did not contribute any sediment. Th e particle size distribution of surface soils diff ered from subsurface soils (Table 5) . Th e fi ne fraction was greater in the subsurface sources, indicating the higher potential to generate fi ne sediment due to anthropogenic activities. Th e highest clay content was observed in the construction sites and unpaved roads, which were found to be dominant sources of fi ne sediment in this watershed. Among all sources, the highest silt content was observed in the streambank material. Th is may be due to the fact that the bank material consists largely of sediment eroded from the upland surfaces and deposited in the fl oodplains during the period of erosive land use in the Piedmont; silt, being the most erodible soil fraction, was concentrated in the streambanks. Th e textural composition of the bank material showed large diff erences at diff erent regions in the watershed (sand 17-87%, silt 10-48%, and clay 3-39%), indicating that the streambanks are not entirely composed of eroded top soil from European settlement. Th is also indicates diff erences in depositional environments and histories throughout the watershed. Part of the channel may be composed of original in situ parent material. Textural compositions similar to the fl oodplains of the South Fork of the Broad River (Lichtenstein, 2003) were mostly observed in the upper reaches, which are characterized by clay contents of <10%. Overall, the two methods used for sediment source identifi cation produced comparable results. Th e end member mixing diagram shows that the three sources are readily distinguished and that stream sediment is a mixture of the sources (i.e., it plots within the triangle of the sources) (Fig. 8) .
Conclusions
Th e results show that there is ample scope for sediment load reduction in this Piedmont watershed. Reducing the contribution of upland subsurface sources such, as construction sites and unpaved roads, through conservation measures can significantly reduce sediment loads. Th e results also show that legacy sediment (bank erosion) is an important source that will be more diffi cult to reduce. Th is complements the fi eld-based geomorphic evaluation of streams in the watershed, which indicated that the majority of streams exhibit signs of active bank erosion. Th e methods used in this study have practical applications in the TMDL program for determining target sediment loads and load reduction scenarios. Th is study also brings to light the potential of 15 N as a tracer to identify multiple sources. A single tracer may be able to identify multiple sediment sources in some watersheds. Moreover, δ 15 N values are not aff ected by particle size distribution of the sources and suspended sediment and hence do not require particle size correction, which is an issue in sediment fi ngerprinting studies. Results clearly indicate that total C may be used as a viable and eff ective alternative to the more expensive 137 Cs for sediment fi ngerprinting. By using a continuous fl ow mobile centrifuge system, we were able to overcome one of the greatest limitations in all fi ngerprinting studies (i.e., the inability to collect a suffi cient mass of suspended sediment for all physical and chemical analyses). Rapid urbanization is occurring in many watersheds in the Piedmont and other regions of the United States. Tracers like 15 N that show a distinct signature for construction sites may be used to determine the contribution of land disturbance activities to water quality impairment in these areas. Mixing models can be used to estimate the relative source contribution provided the tracers used are conservative in nature.
We believe that the NFBR watershed is a typical watershed in the southern Piedmont; hence, the results may be applicable to other watersheds in the southern Piedmont. Th is depends on the level of urbanization and land disturbance activities that result in higher sediment loads through higher stormfl ow peaks. Sediment source identifi cation has practical implications on soil erosion control strategies because the methods used for surface erosion control are diff erent from those for bank erosion control. Any investment in improving water quality should consider the contribution of subsurface sources to water quality impairment. Th e holistic approach adopted in this study can be easily adapted to other watersheds or regions of varying scales depending on the availability of resources.
